Model of ultrasonic motor is the foundation of the design of ultrasonic motor's speed and position controller. A two-input and one-output dynamic Takagi-Sugeno model of ultrasonic motor driving system is worked out using fuzzy reasoning modeling method in this paper. Many fuzzy reasoning modeling methods are sensitive to the initial values and easy to fall into local minimum, and have a large amount of calculation. In order to overcome these defects, equalized universe method is used in this paper to get clusters centers and obtain fuzzy clustering membership functions, and then, the unknown parameters of the conclusions of fuzzy rules are identified using least-square method. Different experimental data that are tested with different operational conditions are used to examine the validity of the fuzzy model. Comparison between experimental data and calculated data of the model indicates that the model can well describe the nonlinear characteristics among the frequency, amplitude of driving voltage and rotating speed. The proposed fuzzy model can be used to analyze the performance of ultrasonic motor driving system, and also can be used to design the speed and position controller of ultrasonic motor.
Introduction
The model of ultrasonic motor system is the foundation of analyzing ultrasonic motor's performance and is also an important premise of designing motor controller and trying to improve the control performance. The energy conversion processes of ultrasonic motor have several stages [1, 2] . The first is the electromechanical energy conversion using the inverse piezoelectric effect of piezoelectric material on the stator. And then, the motion of particles on the surface of stator is transformed into rotary motion of rotor by the friction on the contact surface. Because of the nonlinear and time-varying operation of piezoelectric material and friction, the strong nonlinear characteristics and complex coupling relations of ultrasonic motor are brought out by the complicated energy conversion processes and nonlinearity of material [2] . Because of these reasons, the accurate theoretical model of ultrasonic motor is difficult to obtain.
Modeling of ultrasonic motor can adopt different methods. The equivalent circuit of ultrasonic motor is a kind of model that can be used to analyze the basic characteristics of ultrasonic motors [3] . Because the electrical circuit is more familiar to us than the piezoelectric material and friction, the equivalent circuit was widely used in the early stage of the study on ultrasonic motor. But the equivalent circuit is a rude modeling method of the dynamic characteristics of ultrasonic motor. On the other hand, this type of model cannot be used to design motor's controller directly. From the perspective of being suitable for control applications, the study gets more and more attention on the control modeling method of ultrasonic motor system. Usually, for the purpose of online realization and minimizing the amount of online calculation, the control model should be relatively simple and show the main aspects of nonlinear control of ultrasonic motor system. Due to the limitations of theoretical modeling, control modeling usually adopts identification method based on the tested data [4] [5] [6] [7] [8] [9] [10] [11] . According to the different identification methods, the forms of model can be the transfer function, differential equation, neural network, and so forth.
In recent years, fuzzy modeling method based on fuzzy reasoning is gradually arisen. The same as in the neural network model, fuzzy model is also based on experimental 2 Journal of Control Science and Engineering data, easy to show the nonlinear information. People's fuzzy thinking process is simulated by fuzzy reasoning. So, fuzzy model is more easily mixed and makes use of people's relevant experience knowledge. This is different from other methods. The complexity of fuzzy model is relatively low. So, another effective way is provided for the modeling of nonlinear complex system. The fuzzy modeling method is rarely used in the field of motor. The fuzzy method is mostly used to realize rotating speed and position control [12] [13] [14] . Phase difference is used as the controlled variable in [15] , and a kind of fuzzy Hammerstein model is worked out. This model is made up of steady nonlinear part and dynamic linear transfer function. According to the experimental measurements, the relationship between steady rotating speed and driving frequency is realized by fuzzy steady model. This paper works out the appropriate fuzzy modeling method to obtain the dynamic model of ultrasonic motor system. Equalized universe method is used to get clusters centers and obtain fuzzy clustering membership functions. And then least-square-method is used to identify the unknown parameters of the conclusions of fuzzy rules. The two-input and one-output Takagi-Sugeno model of ultrasonic motor system is established, and the model can well show the nonlinear dynamic relationship among the amplitude of driving voltage, frequency, and rotating speed.
Experimental Data Used for Modeling
The block diagram of experimental system is shown in Figure 1 . An optoelectric encoder, E, is used to measure the rotating speed of ultrasonic motor. And the voltage amplitude controllers of phases A and B are designed to make the voltage amplitude of the two phases equal to the given value by adjusting the duty ratio of PWM signals. In the figure, Nref and Uref are the given value of rotating speed and amplitude of driving voltage, respectively.
Supply voltage of the circuit is DC12V. Phase-shift PWM method is used in the circuit to control the H-bridge driver as shown in Figure 2 . In Figure 2 , Q1 ∼ Q8 are power MOSFETs, T1 and T2 are transformers, and L1 and L2 are series compensating inductances. Figure 3 is the equivalent circuit of ultrasonic motor's stator. C d is the capacitance due to the piezoelectric element's dielectric properties called the "tank capacitance." R m , C m , and L m are known as the motional impedance, and they are combined in the form (R m + 1/ jωC m + jωL m ). Therefore, from the viewpoint of the driving circuit, the ultrasonic motor is a kind of capacitive load. To compensate this capacitive load, series compensating inductances L1 and L2 are used here to increase the driving performance.
PWM1∼PWM8 are the PWM control signals for Q1 ∼ Q8. The traveling ultrasonic motor used here is the commercial used ultrasonic motor, Shinsei USR60. The principal specification of USR60 motor is shown in Table 1 . In the control circuit, DSP is used to implement the control strategies shown in Figure 1 , which is type DSP56F801. The CPLD is used to produce the phase-shift PWM control signals PWM1 ∼ PWM8 for H-bridge. The controllable variables that can be used for rotating speed control are the amplitude of driving voltage, frequency, and phase difference of the two-phase voltages. The theoretical analyses and related experimental studies show that if the phase difference of two-phase voltages is set to ±90
• , better operation performance can be maintained and the energy conversion efficiency of ultrasonic motor is higher. In this paper, the phase difference of two-phase voltages is set to
±90
• . The remainder controllable variables, amplitude and frequency of driving voltage can be adjusted to realize the aim of speed control. Therefore, the dynamic data, which contain the amplitude of driving voltage, frequency, and speed, should be measured in the experiments. A dynamic fuzzy model, which uses the amplitude of driving voltage and frequency as input and rotating speed as output, is established.
Experiment process is designed as follows. The step response of rotating speed is measured by setting Nref. The amplitude of driving voltage is changed by adjusting Uref. With the change of voltage amplitude, the frequency will be changed by speed closed-loop controller in order to maintain the rotating speed at Nref. Simultaneously, the dynamic change processes of Uref, frequency and rotating speed are recorded. A group of data is shown in Figure 4 . The adjustment method of Uref and value of Nref are changed, respectively. The above processes are repeated. Many groups of data can be obtained for fuzzy modeling.
Fuzzy Modeling Method of Ultrasonic Motor
The basic structure of fuzzy model is shown in Figure 5 . In fuzzy models, T-S model which can approximate to any nonlinear system is a kind of typical dynamic model. The form of T-S model is as follows. The premise section is fuzzy, and the conclusion section is an exact value. So, the defuzzification is not necessary in T-S model
(1)
Here, R i represents the ith fuzzy rule, x k is the kth input variable, A ik is one of the fuzzy subsets of x k , y i is the output of the ith rule R i , and a ik is the unknown parameter of the rule's conclusion, k = 0, . . . , r. According to the tested input and output data, structure identification and parameter identification are required in establishing the T-S model of ultrasonic motor system. Determining the appropriate model structure is the basis of parameter identification. The first step of structure identification is to confirm the input variables and the input space. This paper adopts equalized universe method to divide the fuzzy input space. First, set a clustering number which is the number of membership functions and rules. Membership degree
Input variable U (V) Secondly, divide the input space. Equalized universe method is used to determine the characters of Gaussian membership function, such as value of the center and width. The structure identification of T-S model is completed. The unknown parameters of conclusion section of T-S model can be determined using the least square method. After the model is established, the validation calculation should be carried on. If the error of model output is too large, the number of rules can be increased to improve the precision. Membership degree
Input variable U (V) The steps of this fuzzy modeling method can be summarized as follows.
(1) Determine the input variables, the number p of input variables, and the number c of clusters. Step response comparison between model output and tested data (Nre f = 90 r/min, no load).
(3) Determine the centers V i and widths h i of Gaussian membership functions using equalized universe method
(4) Calculate the distance d ik between the each data point x k and clustering center V i
(5) Calculate the membership degree of modeling data
Here, m is a constant, usually set m = 2.
(6) The unknown parameters of conclusion section of T-S model are obtained by the least-square method. 
Dynamic Fuzzy Model for Speed Control of Ultrasonic Motor
Dynamic fuzzy model reflects the dynamic characteristics. The characteristics of ultrasonic motor system for speed control are related with time. Output variable of the model is the rotating speed value n(k) at the current time. In accordance with the above modeling steps, the process of T-S dynamic fuzzy model is an optimization process.
According to the experience and tested data analysis, the value of rotating speed n(k) is related with the value of driving voltage amplitude (peak-peak value) u(k − m), frequency f (k − m) at the current and previous time, and rotating speed n(k − l) at the previous time, where m = 0, 1, . . . , and l = 1, 2, . . . . In order to find the proper fuzzy model, 
Premise part
Conclusion part 
Conclusion part Figure 6 . After parameter identification, the five fuzzy rules are shown in Table 2 . In Table 2 , the membership functions of input variables and output variables are A i , B i , and C i , in the rule R i , respectively. The premise section is fuzzy. The conclusion section is an exact value. The execution time to estimate the six parameters of fuzzy rule R 1 is 0.2498 s. This time is appropriate for real-time control.
The comparisons of model output data and tested data are shown in Figures 7 and 8 . Figure 7 is step response curves when the given value of Nref is 30 r/min. The model output and tested data have the same change trend, but the model output is significantly higher than the tested value. The maximum error is 3.76r/min, and appears at the initial stage of step response. In Figure 8 , Nref is 90 r/min and the model error is less than Figure 7 . In the rising stage of step response, the model output is slightly lower than the tested data. In steady stage, the output data is in good agreement with tested data. The maximum error is 12.92 r/min as shown in Figure 8 .
The precision of the model is not high enough as shown in Figures 7 and 8 . In order to improve the accuracy, the number p of input variables and the number c of clusters can be changed. After several attempts, compare the model output data with the tested data in different value of p and c, and choose the best structure of fuzzy model. The ultimately decision is that the input variables are
, and n(k − 1). The output variable is n(k). The number p of input variables is 10. The number c of rules is 10. The membership functions of U are obtained by programming as shown in Figure 9 . The fuzzy rules are shown in Table 3 . The execution time to estimate the eleven parameters of fuzzy rule R 1 is 0.2549 s. This time is appropriate for real-time control.
The model output data are given in Figures 10 and 11 with no load. The first point is not painted in Figure 11 . Compared with Figure 7 , the model error is improved obviously. When load torque is 0.2 Nm, Figure 12 shows the speed response as the speed reference is 90 r/min. There is small error in the rising stage. Figures 13 and 14 show the speed response when load torque is 0.2 Nm and Uref is 300 V. The speed response of Figure 13 
Conclusions
Based on the experimental data, the two-input and oneoutput dynamic model for speed control of ultrasonic motor is worked out using dynamic fuzzy modeling method. The model structure and parameters are identified using equalized universe method and the least-square method, respectively. Using the proposed modeling methods, a few fuzzy rules are needed. The structure of model is simpler. The amount of online calculation is smaller. Comparison between model output and tested data shows that the model can well simulate the nonlinear relationship among the amplitude of driving voltage, frequency, and rotating speed.
This work shows that the fuzzy modeling method is simple. Besides the tested data, membership functions and fuzzy rules can be obtained without other prior knowledge. Fuzzy model has a strong ability of approximating to the nonlinear characteristics and is suitable for ultrasonic motor which is a strong nonlinear system.
